ABSTRACT A principal investigator is obligated not only to make academic impacts but also to do so in a cost-effective fashion. While popular bibliometric measures such as the journal impact factor (IF) and the H-index measure citation-oriented bibliometric impacts, here we propose the E-index to reflect a principal investigator's research efficiency also in terms of bibliometric data. Our E-index incorporates both IF-citation-based output and ''total equivalent time'' that the principal investigator's team takes to deliver the output so that the bibliometric output can be normalized by the involved research time. The E-index is then evaluated using a large set of peer-reviewed journal papers by extramurally funded Chinese principal investigators in the field of life sciences. The E-index values are compared relative to university rank and other factors. As expected, the highest average E-index scores were achieved by principal investigators at top national universities. Being quantitative, the E-index adds insight into common debates such as what the optimal team size should be, which career stage is the most prolific, and so on. The E-index should be useful in assessing principal investigators in comparable fields and longitudinally.
I. INTRODUCTION
A principal investigator or project leader plays the key role in scientific research, and typically serves as the corresponding author in the resultant peer-reviewed publications. Evaluation of his/her academic performance is critically important for research resources to be optimally managed. While popular bibliometric measures such as the journal impact factor and the H-index measure citation-oriented impacts, here we propose the E-index to reflect a principal investigator's research efficiency based on readily available bibliometric data. It is underlined that the performance evaluation would be more comprehensive if it incorporates both peer-reviewed outputs and the associated efficiencies at which the outputs are produced.
Bibliometrics analyzes academic publication data available in almost all research fields [1] , [2] . Citation analysis is the dominant approach because of its objectivity and popularity. For example, universities and funding agencies use the H-index [3] , [4] and other measures to gauge the importance of a journal, the impact of a paper, the caliber of a researcher, or the fitness of a job candidate. Other features including research efficiency related ones (such as the ratio of the number of publications to the total amount of funding) were used at the National Institutes of Health (NIH) to optimize investment strategies and funding mechanisms [5] .
A main task of bibliometrics is how to help assess the caliber of a principal investigator. While there are numerous papers and established indices to measure bibliometric output/impact [4] , [6] , research efficiency measurements were also studied, with bibliometric output normalized by research funding/investment. In 2003, the effect of performance-based research funding systems was studied on the publication practices [7] , [8] . In 2014, research productivity was investigated within a microeconomic framework [9] . In this investigation, a research productivity measure was designed as the ''fractional scientific strength'' with the citation being normalized by salary and other factors at various levels including individual, field, and organizational units. Then, the same authors suggested that the mean normalized citation score (MNCS) and other sizeindependent indicators could not indicate research performance well, by comparing rankings by MNCS to those based on indicators of productivity [10] . Further, the authors made recommendations to switch to ranking by research efficiency [10] . Some limitations of the work reported in [9] and [10] were pointed out in [11] . In 2016, a special section of the Journal of Informetrics was focused on productivity and efficiency, which relates research output to input (mainly, funding) [12] . This special section is, in a good sense, a revisit to the work reported in [7] and [8] . In 2017, a Bayesian stochastic frontier analysis (B-SFA) approach was developed to process the Austrian Science Fund database and compute the technical efficiency (TE) for a latent research product dimension (CFACTOR) and the number of publications [13] . With regard to CFACTOR, female and younger PIs were shown to have slightly higher TE than the respective counterparts. In addition to these examples, there are many other studies along this direction such as [14] .
In contrast to the prior work on research efficiency, here we demonstrate that a reasonable/plausible measure of research efficiency is feasible only using bibliometric data without involving funding/salary information. A major critique on [9] and [10] is presented in [11] , which states that the use of funding/salary/investment as the denominator for the efficiency measurement is quite problematic, because ' ' ' In other words, funding data are generally inaccessible, extremely hard to interpret in the context of contributing to a particular paper, and subject to various factors. With our proposed measure, academic output can be scaled by research time, both of which are measured with bibliometric data. Our proposed E-index for research efficiency is unique in combining impact and efficiency components together to convey the legitimate expectation that the research work should be performed both effectively and efficiently.
We hypothesize that principal investigators can be better evaluated with our proposed additional dimension of efficiency. If two principal investigators respectively direct their groups of various sizes, and publish different numbers of papers in multiple journals with low and high impact factors, then how can their respective leadership skills be compared? There seems no doubt that we need to put these researchers' outputs in perspective of their/their teams' efforts or the resources they spent. Up to now, this has been an unaddressed question in bibliometrics.
Ideally, research resources should be distributed according to the capabilities of researchers so that the overall academic output can be maximized. If a principal investigator is overfunded, superfluous resources cannot be translated into proportionally increased scientific output. If other more productive groups are underfunded, precious human resources are wasted. For any funding agency charged with optimally distributing research money, the funding portfolio ought to be adaptively refined in reference to quantitative measures of both research output and efficiency. The E-index fits the need in the context of research efficiency measurement.
The following sections present the formulation, justification, and applications of the E-index. The methodology section describes the E-index and its key elements, with more details in the Supplemental Material section, along with our experimental design. In the results section, the statistical relationships between the E-index and other factors are presented, based on datasets collected on representative Chinese principal investigators and according to the experimental design detailed in the Supplemental Material section. In the last section, key observations and relevant issues are discussed.
II. METHODS AND DATA
The purpose of this section is to formulate the E-index and describe the experimental design. The definition of the E-index utilizes our previously proposed A-index so that the principal investigator's effort/credit share in each peerreviewed paper can be fairly estimated. With that share as a ruler, the total equivalent time his/her team devoted to the paper can be computed as a proxy of the human resource allocated to the paper.
A. MOTIVATION TO MEASURE RESEARCH EFFICIENCY BIBLIOMETRICALLY
The desired E-index is a unique measure that balances two important aspects: (1) academic output and (2) research time. The combination of these two aspects is consistent with any business model (total profit versus capital investment) and the least action principle (maximum outcome at minimum energy). For a team to be influential, its academic output must be high. At the same time, the research efficiency of the team must be taken into account when the team leader is evaluated, since it will be invalid to claim that the principal investigator is great if the team works inefficiently. Hypothetically, if two principal investigators publish the same numbers of papers in the same journals, the leader of the smaller team should be viewed more favorably. As another example, if two companies realize the same amount of profit in the same area, the smaller company must have been better managed. Unfortunately, this efficiency aspect has not been captured in the field of bibliometrics.
The composite indicator E-index should increase its value when either bibliometric output increases (say, number of papers) or total effort for the output decreases (say, average time spent on the paper). It seems appropriate to link the academic output and the research effort/time together for balanced performance assessment. In other words, doubling a principal investigator's output could be as valuable as doubling his/her research efficiency (that is, cutting the average time per paper to half). Ideally speaking, if the research speed of his/her team is doubled, the saved time can be used to double the academic output. On the other hand, if the size of a team is doubled while the level of efficiency is maintained, the output of the team will also double.
Research output has been extensively studied and measured with the number of citations and the H-index as primary examples. These are generally computed for peer-reviewed journal publications; in other words, a principal investigator's academic output or impact is generally perceived higher if they have a larger number of papers, published in more prestigious journals, and attracted more citations.
Measurement of research efficiency is a topic of common interest. Efficiency is often estimated in terms of output and resources used to generate the output. There are multiple kinds of resources required for research, including team members, research grants, and directly-involved infrastructures. Of course, the list can be further augmented, and there are interactions among these items. For comparing principal investigators in the same field or similar fields, the number of team members and the sum of research dollars are considered to be good measures of resources.
Without loss of generality, our E-index is stated as the ratio between the output measure O and some resource measure R.
By explicitly incorporating the resource factor, this formulation makes clear the negative impact of allocating resources beyond the amount that can be managed efficiently. When the secured resource remains within the principal investigator's capability, additional resources permit a commensurate increase in academic output, and the E-index will not be compromised. However, as the resources become overwhelming for a leader to handle, the marginal output will eventually reduce the value of the E-index. This is a key feature of the E-index that sets it apart from existing ''resource-hungry'' bibliometric indices: it will not monotonically increase without limit as the resource increases; as evidenced below, the relationship between E and R is not monotonic, and can be peaked to indicate an optimality for resource management.
B. HOW TO MEASURE ACADEMIC OUTPUT BIBLIOMETRICALLY
As stated, extensive work has already been done by scientometricians on how to meaningfully quantify academic output in terms of publications. Counting the number of papers is the simplest method but the least reliable. Counting the total number of citations is considered more meaningful, but it takes time for citations to be accumulated. The journal impact factor (IF) can be used as an indicator of the expected impact of a paper, but it is less relevant than the actual number of citations a particular paper attracts. In the context of the E-index evaluation, research output from a particular principal investigator is defined by the set of publications for which the principal investigator is documented as the corresponding author. Supposing that in a given period of time the investigator has published N papers as the corresponding author, then the output indicator O can be expressed in terms of an appropriate bibliometric value V such as the impact factor or the number of citations earned by these papers:
The raw count of publications is too rough, and the number of citations is a function of time and suffers from a major time delay. Therefore, in this study the measure of research output is based on the impact factors of the journals:
For evaluation of multidisciplinary results, it will be necessary to weight IFs by a field-normalization factor. In the current study, the data are restricted to the medical field, thus detailed field normalization is omitted as the first order approximation.
C. HOW TO MEASURE TOTAL TIME BIBLIOMETRICALLY
The total amount of resources used for a given level of academic output is needed to define the research efficiency. A natural choice is the total of research funding involved, with the other conditions being similar. However, as already mentioned earlier, attempts to quantify resource allocation in terms of funding could present serious, possibly intractable challenges [12] . Also, it can be argued that the most essential leadership skill is the ability to identify, recruit, train/mentor, utilize, and keep talented researchers. Therefore, here we propose to measure resource allocation in terms of a novel ''equivalent time'' metric T which focuses on the allocation of human resources. Roughly, T represents an idealized count of the average number of researchers who worked under a principal investigator's direction.
As seen below, all the data needed to calculate T are immediately accessible in the current bibliometric databases. This makes the computation of the E-index very convenient (much more convenient than the estimation of the amount of funding involved, which of course offers complementary information). In addition, having both the numerator and denominator derived from the same dataset prevents inconsistency. This will also avoid any effect of nationally-varying factors (such as infrastructural differences including differences in salaries).
The computation of T goes as follows. For each publication under consideration, an estimate is made of the ''equivalent researcher's time'' managed by the principal investigator VOLUME 6, 2018 as the corresponding author. A weighted average of this researcher time is then accumulated over all publications that fall within the time window for evaluation.
In order to estimate an ''equivalent time'' for a single publication, the corresponding author's relative individual effort/contribution to the paper is first estimated, and the equivalent time is taken to be the reciprocal of that number. For example, if the corresponding author has 25 percent of the credit for a publication, then in an ideal sense he/she has managed a team of four ''equivalent researchers'' including himself/herself. To estimate the principal investigator's individual credit, the A-index should be used as developed in our earlier work [15] . The A-index was axiomatically derived based on the maximum entropy principle together with the evident assumption that the more favorable an individual's position is in the list of coauthors, the more credit he/she should be awarded for the paper. If the credit share that the principal investigator receives for his/her ith publication is estimated as A i in terms of the A-index, then the ''equivalent time'' that has been spent by him/her on this paper is 1 
A i
, which indicates how many ''equivalent'' researchers in his/her team have worked on the paper.
To average
across all his/her publications, it makes sense to weight a publication more heavily if the team spent more time on it -the team working over a long period of time represents a greater allocation of human resources than when the same team works for a shorter time. It is not possible to obtain data on the exact amount of time spent on a publication, but for an estimate it would be reasonable to assume that teams in general spend more time on papers with higher impact factors.The rationale behind this assumption is the fact that a high impact paper normally demands a great effort; the chance is rather small that a Science or Nature paper could be published with less effort than that required by a regular specialty journal paper. The ''equivalent time'' measure T is therefore computed as an average over all the involved publications weighted by IF (standing for our estimated team's time commitment):
Note that the equivalent time measure is in the unit of the principal investigator's time scale. The minimum possible value is T = 1, which is the case where the principal investigator actually produced the publication alone and did not manage any coauthor. An equivalent time value of T = 2 can be interpreted as the case in which the principal investigator managed on average the equivalent human resource of two people across all the publications (the principal investigator's own time, plus the time of one idealized coauthor whose effort is equivalent to that of the principal investigator). Using T as a proxy variable for R, the E-index can be expressed in terms of the most popular bibliometric data as follows:
Note that Eq. (5) is our proposed most accessible form of the E-index, which can be determined from bibliometric data alone and considered as our main methodological contribution. Many variants of the E-index can be designed in the same spirit, especially with the academic output normalized by the total amount of funding after being properly defined. Ideally, the E-index and other indices should be combined for a comprehensive assessment of a principal investigator and his/her team, as will be further elaborated in the Discussions section. With the principal investigator's name and affiliation as the key for search, their respective journal papers were retrieved using the Web of Science for 2008-2013. Each and every paper was further verified for positive hits in terms of research direction and coauthors to exclude false alarms, in reference to the website of the National Natural Science Foundation of China. The resultant papers were archived into a master text file. This search was performed from July 2014 to May 2015. Then, the text file was transferred into an excel file, and the data were analyzed with Visual Basic and SPSS 13. The field values readable on the Web of Science were obtained for each of the retrieved papers, including the journal name and publication year. The IF values were assigned to the journals according to the data from the Journal Citation Reports. The number of papers was obtained for each principal investigator as the corresponding author for the papers.
Our selected principal investigators published 18,070 papers in total, among which 6,832 papers indicated them as the corresponding authors. The total number of the corresponding authors is 788; that is, 266 of the 1,054 principal investigators had not published or cannot be confirmed TABLE 1. Comparative studies on bibliometric output, equivalent time, and research efficiency between the two categories of universities -The top 50 and the remainder (''#'' denotes p < 0.05 between the university classes) -as well as for sub-categories (gender: male versus female; age: 56-60 years old versus others; rank: full professors versus others; and experience abroad: yes versus no) ('' * '' for p < 0.05 and '' * * '' for p < 0.001 within university class).
as the corresponding author. Excluding 85 researchers not associated with any university in the period of 2008-2013 and limited to those whose papers were supported by the grants under evaluation, the remaining 703 principal investigators collectively published 6,256 papers as the corresponding author.
These principal investigators were stratified into two tiers. Among them, we placed 374 into the first class consisting of the top 50 universities in China and the remainder (329) into the second class. The A-index value of the corresponding author was found for each of his/her qualified papers, along with its impact factor. Studies were performed using the proposed E-index and its component variables, and also analyzed longitudinally. Table 1 and Fig. 1 display key features of the bibliometric data for the selected principal investigators in major research universities in China, which were casted into two categories: Top universities and the others. First of all, the data in Table 1 support the validity of the proposed E-index. In particular, the results match basic expectations that researchers from the top-ranked universities outperformed their peers from less-favorably-ranked universities FIGURE 1. Bibliometric output and research efficiency as a function of year for top research universities and their peers in China. VOLUME 6, 2018 in terms of not only academic output O but also research efficiency E. In terms of output calculated, the top universities had higher yields on average. When both the academic output and the research time are combined into the research efficiency, the top universities remained significantly better performers than the others, as clearly plotted in Fig. 1 with the academic output O and research efficiency E as a function of time. An upward trend is clear for both of the groups. The time span for the data collection was selected to be the period when the Chinese research programs were under rapid expansion, positively influenced by the Western research communities. The progress as suggested by the bibliometric data reflected the internationalization of the Chinese research community.
III. RESULTS
Figs. 2, 3, and 4 summarize our data on output O and efficiency E with rank, age, and gender respectively. These measures are consistently higher for full professors than their peers, for men than women, and highest in the age group of 55-60 years old. The rank of full professor had the highest FIGURE 2. Bibliometric output and research efficiency as a function of year for full, associate and assistant professors respectively. E-index. Additionally, those principal investigators who had training/visiting experience in developed countries generally performed better than the peers without such experience (See Table 1 ). Fig. 5 presents the overall relationship between E and the team size for the whole pool of principal investigators, as respectively measured by the equivalent time T and the principal investigator's effort/credit share, i.e., the A-index, in his/her publications. While T shows how many principal investigator equivalent researchers are needed to generate a paper, the A-index is the axiomatically defined contribution by the principal investigator to his/her paper. As mentioned earlier, the equivalent time T is the reciprocal of the A-index.
These data offer an insight into the classic problem on the optimal team size. As shown in Fig. 5 , when a team size was large in terms of the average number of principalinvestigator-equivalent team members, the research efficiency E actually went down. Interestingly, for the first time this valuable information can be easily extracted from existing bibliometric data! In terms of principal investigator equivalent researchers, the optimal team size seems to be around five. In terms of coauthors involved in a typical project, the optimal team size seems to be nine (The A-index 0.22 for the corresponding author means that nine coauthors are involved, assuming that the first and corresponding authors made equal contributions). Clearly, the E-index is useful as a tool for management of research activities. For example, our data (not presented here for sake of limited space) suggest that some Chinese groups might have had over-allocated resources and led to diminishing returns. Fig. 6 takes a deeper look at the efficiency versus the team size for different professional ranks. As expected, full professors were able to direct significantly larger groups than associate or assistant professors. The efficiency peaks were reached at larger team sizes for more senior professors. This shows that in the period we selected for this study, the higher the academic rank, the higher the research efficiency, probably due to the fact that more senior investigators were more experienced and better networked.
IV. DISCUSSIONS
The equivalent time concept is an enabling key to fairly and conveniently compare human resource allocation for computation of research efficiency, which has not been utilized before but is implicitly reflected in readily-available bibliometric data. Our proposed equivalent time and resultant E-index have added an efficiency dimension to bibliometric analysis. For example, a direct comparison between Chinese and American research teams is rather difficult. On one hand, US dollars are more valuable, NIH support has been stronger than the Chinese counterpart, and NIH funding can be renewed. On the other hand, human resources have been relatively less expensive in China than in the USA. Using equivalent time as an estimate of resource allocation makes it possible to quantify efficiency solely using standard bibliometric data, which is clear and consistent across different countries.
In this initial study, scientific output has been measured as a sum of impact factors. However, the journal impact factor only indicates an expectation for a publication. In general, citation-based measures should be more reliable. Some papers in Nature or Science are not of lasting value, and a good number of Nobel prizes were given for findings reported in low-impact journals. Practically speaking, citation-based measurement is more difficult to have than impact-factorbased alternatives, since the citation count is a function of time. As a publication ages, citation data can be obtained, but the associated time lag may defeat the purpose. With the rapid development of internet, cloud computing, and machine learning technologies, faster and smarter data collection and analysis methods may help collect and analyze citation data with a better predictive power for bibliometric quantification.
Our analysis of bibliometric data is in support of the general validity of the proposed E-index. Relative to their peers, the principal investigators in the commonly-recognized top universities have been indeed found to have superior performance as measured by either the bibliometric output O or research efficiency E measure. This difference in their research performance should be ascribed to their academic talent and research environment, including colleagues and students as well as infrastructures.
In addition to the general validity of the proposed E-index, in this study we have also revealed specific information on the chosen principal investigators. Quantitatively, it has been shown that full professors are generally more productive and more efficient than their peers (not age-normalized), and the same is true for male investigators compared to females. Most interesting, as the team size increases in terms of either the number of equivalent researchers or the relative share the principal investigator has in his/her publications, the research efficiency curve reaches a peak and then suffers from a decay. This indicates the unique utility of the E-index in monitoring any sub-optimal management of research resources, thereby allowing feedback and adjustments.
It must be emphasized that this E-index only indicates the bibliometric aspect of research efficiency. Its maximization does not necessarily mean the best overall performance. There are cases of great work that did not show well in terms of citation analysis. Indeed, we should not totally rely on impact factors or numbers of citations to evaluate publications. There is no question that bibliometric measures are useful, but how to interpret and use them have been highly controversial, and they are even rejected by scientometricians for the current use in evaluating individual publications and their authors. Among many relevant papers, a key reference is the San Francisco Declaration on Research Assessment (https://sfdora.org/) [16] . Hence, no matter how sophisticated the bibliometric measures are, the ultimate criteria will be real impact and peers' perception. While the proposed E-index is a complementary indicator for ranking universities, evaluating researchers, and managing research resources, like any existing bibliometric measure the E-index cannot extract information beyond what the underlying bibliometric data permit. Bibliometric data must always be interpreted with caution and with the understanding that citation impact does not necessarily measure innovativeness as well as academic and societal impact.
How to better measure real-world impacts, intellectual values, and actual research efficiency remains an active topic of investigation [17] , [18] . The E-index proposed here is a starting point that can be developed into more advanced variants and composite indices. The equivalent time metric has been shown to be a good approximation with interesting results, but it can be further refined. For example, to compute the size of a team led by a principal investigator, the co-authors of different papers can be cross-referenced using their name and role in the lab (research faculty, postdoc fellows, or graduate students). Also, the average of the E-index values may depend on a specific field. For laborintensive experimental studies the human resources may be more involved at a lower level, and for theoretical studies more intellectual power is needed. In order to extend its use to different research fields, it will be necessary to compare scores to appropriate baselines or implement field-specific normalization [19] . Needless to say, there is a significant opportunity for further investigation along this line using multi-factor analysis, meta-analysis, and machine learning methods.
Finally, we would like to mention that this interdisciplinary work began with time-consuming data acquisition, and was followed by multiple rounds of extensive data analysis. How to measure research resources fairly and conveniently turned out to be the key issue. It took us quite a while to realize the possibility of extracting ''equivalent time'' as a surrogate for measuring research resources for bibliometric normalization, and then we implemented the concept of equivalent time utilizing our axiomatically defined A-index. The E-index, enabled by the concept of equivalent time, is our prime methodological innovation. The involved data were used to demonstrate the feasibility and utility of the E-index. While the research span for this study is a little long (from 2014 to 2018), more data could be collected, and more efforts be made for further development and practical applications of the E-index.
V. CONCLUSION
In conclusion, we have made the following major contributions:
• A novel bibliometric index, the E-index, has been presented for bibliometric quantification of research efficiency;
• Exemplary studies showing the utilities of the proposed E-index based on bibliometric data produced by Chinese principal investigators in the field of life sciences;
• Discussions on relevant issues and further research topics.
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